The internal transcribed spacer (ITS) region of the ribosomal DNA (rDNA) has been established (and is generally accepted) as a primary "universal" genetic barcode for fungi for many years, but the actual value for taxonomy has been heavily disputed among mycologists. Recently, twelve draft genome sequences, mainly derived from type species of the family Hypoxylaceae (Xylariales, Ascomycota) and the ex-epitype strain of Xylaria hypoxylon have become available during the course of a large phylogenomic study that was primarily aimed at establishing a correlation between the existing multi-gene-based genealogy with a genome-based phylogeny and the discovery of novel biosynthetic gene clusters encoding for secondary metabolites. The genome sequences were obtained using combinations of Illumina and Oxford nanopore technologies or PacBio sequencing, respectively, and resulted in high-quality sequences with an average N50 of 3.2 Mbp. While the main results will be published concurrently in a separate paper, the current case study was dedicated to the detection of ITS nrDNA copies in the genomes, in an attempt to explain certain incongruities and apparent mismatches between phenotypes and genotypes that had been observed during previous polyphasic studies. The results revealed that all of the studied strains had at least three copies of rDNA in their genomes, with Hypoxylon fragiforme having at least 19 copies of the ITS region, followed by Xylaria hypoxylon with at least 13 copies. Several of the genomes contained 2-3 copies that were nearly identical, but in some cases drastic differences, below 97% identity were observed. In one case, ascribable to the presence of a pseudogene, the deviations of the ITS sequences from the same genome resulted in only ca. 90% of overall homology. These results are discussed in the scope of the current trends to use ITS data for species recognition and segregation of fungi. We propose that additional genomes should be checked for such ITS polymorphisms to reassess the validity of this non-coding part of the fungal DNA for molecular identification.
Introduction
The establishment of DNA barcoding methodology for identification of fungal organisms based on pure cultures, as well as in environmental samples, has been a great challenge in the past decades (Nilsson et al. 2008) . Starting from the early times when sequencing costs were very high and the application of PCRbased methods to large contingents was still prohibitive, the Section Editor: Zhu-Liang Yang Electronic supplementary material The online version of this article (https://doi.org/10.1007/s11557-019-01552-9) contains supplementary material, which is available to authorized users.
internal transcribed spacer (ITS) of the ribosomal DNA (rDNA) has become the favorite DNA region because of the high success rate with sequencing and its almost universal applicability. The groundbreaking work by White et al. (1990) has since then received thousands of citations, and many interesting correlations between morphological traits and molecular phylogeny have been revealed from polyphasic taxonomic approaches across the fungal kingdom. The ITS has therefore been ultimately selected as primary barcode for fungi (Schoch et al. 2012) , and it serves this purpose very well. In particular the numerous recently published sequences of type and authentic species (Vu et al. 2019) , as well as respective efforts by the curators of public domain databases to increase the quality of sequence data such as the RefSeq projects (e.g., https://www.ncbi.nlm.nih.gov/ bioproject/177353; see also Schoch et al. 2014) , have certainly been very helpful for taxonomists as well as for the various user communities of taxonomic data. However, some of the aforementioned DNA sequences of type strains are obviously erroneous (e.g., because BLAST searches sometimes clearly show that they have affinities to different orders or even classes than the taxon from which they were supposed to be derived). Therefore, a lot of work remains to be done to validate even the DNA sequences of type material.
Regardless of the great value of the ITS region for barcoding, its utility for species discrimination has often been disputed. While some mycologists have even promoted the use of similarity rates of the ITS and LSU to define species boundaries (see, e.g., Kurtzman et al. 2015 for yeast-like fungi), others have found that secondary barcodes are necessary for both, the construction of stable phylogenies and for establishment of molecular identification systems. In some families and genera of the Ascomycota, it was necessary to use up to eight different DNA loci to enable a clear-cut resolution of the taxa involved (Cai et al. 2009; Cannon et al. 2012; Houbraken et al. 2014; Phillips et al. 2013) , even though finally one or two secondary barcodes may be found to be sufficient to discriminate all species.
However, this can evidently only be established after the respective monographs have been completed! Presently, we are far away from reaching such a situation in the mycological community. One reason for this could be that too many projects deal with tentative molecular ecology or other environmental studies and too little funding goes to polyphasic taxonomic work.
The situation is worsened by the fact that no sequence data at all are available for the majority of species that were initially described from morphological characters in many taxonomic groups of fungi, and in particular in those groups that cannot be cultured easily because of their symbiotic or biotrophic relationships with animals and plants (see discussions by Thines et al. 2018 and Zamora et al. 2018 ).
On the other hand, some mycologists have recently proposed that new taxa should be recognized on the basis of novelty of the ITS sequences alone, even including data from environmental samples in the absence of a physical type (Hawksworth et al. 2016; Lücking et al. 2018) . In one case, new taxa based on DNA sequence comparisons have been invalidly erected on purpose (de Beer et al. 2016) , to emphasize the need for a sequence-based classification of fungi of which no physical specimen exists.
The biggest problems associated with such "innovations" are (i) the lack of suitability of the ITS region (which is predominant among the environmental sequence data) for resolution of species complexes in many taxa and (ii) the low quality of the next generation sequence (NGS) data (which often have high error rates, are based on very short reads, and are also prone to chimera formation; cf. Hongsanan et al. 2018 for an extensive discussion of this topic).
Fortunately, the chaos that would have arisen from such measures was avoided as the vast majority of the mycological community voted against it (May et al. 2018) . Nevertheless, there remains a great need to classify the unseen fungi that can only be detected from their DNA in environmental samples, by developing more concise and accurate methods for species identification (Wu et al. 2019 ). This will give the mycological community some time to cope with the current challenges and finally develop a workable strategy to find a way to concisely identify the "dark taxa."
A problem that has been rarely addressed during the numerous studies that were carried out in the past decade is the polymorphism of rDNA (Hibbett et al. 2011 ). It has firstly been reported by O'Donnell and Cigelnik (1997) that such polymorphisms occur in the important plant pathogenic and mycotoxigenic genus Fusarium. Further studies focused on intragenomic ITS variation reported sequence divergence of around 0.1-2%, usually not exceeding 3% (Kovács et al. 2011; Smith et al. 2007; Simon and Weiss 2008; Vydryakova et al. 2012) . Perhaps the most worrisome source of error in sequence-based taxon description is intragenomic heterogeneity exceeding 3% of divergence. Simon and Weiss (2008) reported 3.6% ITS variability in Davidiella tassiana, and even higher levels (10-15%) were found in Amanita, Cordyceps, and Laetiporus (Lindner and Banik 2011 , Hughes et al. 2018 ). Such extremely deviating variants were sometimes considered non-functional pseudogenes.
Nevertheless, many authors have ignored this fact and have instead promoted ITS as sole means for species identification in fungi. This situation has even led non-specialists to a false belief that they can classify environmental isolates, such as secondary metabolite-producing fungal endophytes based on ITS data alone, such as the Xylariales (see examples cited by Helaly et al. 2018 ) and this has resulted in numerous erroneous publications. The natural product community has recently been made aware of the problem (Raja et al. 2017) , but still there are dozens of papers published each year with incorrectly assigned taxonomy of biotechnologically interesting new organisms. Studies such as the one by U'Ren et al. (2016) have been very helpful because they characterized various fungal endophytes by using a multi-locus phylogeny. However, the authors did not use many type strains for comparison; and not even authentic, ascosporederived cultures from the geographic region from where the endophytic isolates originated were studied for comparison. The species concepts based on morphological traits of the teleomorphs were traditionally broad. On the other hand, many species of Xylariales that were erected based on specimens from North America have never been recollected and subjected to DNA sequencing. Mycologists have in the past also frequently used European species names for North American fungi that were later shown to be misapplied (see, e.g., Fournier et al. 2012 for Xylaria; Stadler et al. 2014a, b for Daldinia). Therefore, the species identification of these endophytes remains tentative.
We have recently generated high-quality genome sequence data of twelve representative strains of the Xylariales, most of which were chosen from the type and authentic strains representing the major phylogenetic clades resulting from multi-locus phylogenies (Daranagama et al. 2018; Wendt et al. 2018) . PacBio sequencing or a combination of Illumina sequencing with the Oxford nanopore long-read method gave us the ability to read through highly repetitive sequences such as those found in rDNA. The major aims of this study were the construction of a phylogenomic tree and its comparison with the classical four locus genealogy (Wendt et al. 2018) , and the creation of a data matrix that would allow us to perform genome mining and discovery of unique and/or silent biosynthetic gene clusters. However, we found by coincidence that multiple copies of the ITS were present in the genomes and wish to report and discuss these findings separately in the present paper. This is the first study mapping the structure of the ITS array using the continuous long reads that span multiple rDNA cistrons and can reliably identify multiple ITS copy numbers as well as sequence polymorphisms.
Materials and methods
A list of the strains whose genome sequences were used for the current study is provided in Table 1 . In cases where substantial polymorphisms were observed, a BLAST search for the most common ITS paralog was carried out in order to find the most similar sequences in the public domain.
Nanopore library preparation and MinION® sequencing
A MinION sequencing library with genomic DNA from the different fungi strains was prepared using the Nanopore Rapid DNA Sequencing kit (SQK-RAD04, Oxford Nanopore Technologies, Oxford, UK) according to the manufacturer's instructions. Sequencing was performed on an Oxford Nanopore MinION Mk1b sequencer using a R9.5 flow cell, which was prepared according to the manufacturer's instructions.
Illumina library preparation and MiSeq sequencing
Whole-genome-shotgun PCR-free libraries were constructed from 5 μg of gDNA with the Nextera XT DNA Sample Preparation Kit (Illumina, San Diego, CA, USA) according to the manufacturer's protocol. The libraries were quality controlled by analysis on an Agilent 2000 Bioanalyzer equipped with Agilent High Sensitivity DNA Kit (Agilent Technologies, Santa Clara, CA, USA) for fragment sizes of 500-1000 bp. Sequencing was performed on the MiSeq platform (Illumina; 2 × 300 bp paired-end sequencing, v3 chemistry). Adapters and low quality reads were removed by an in house software pipeline prior to polishing as recently described (Wibberg et al. 2016 ).
Base calling, reads processing, and assembly MinKNOW (v1.13.1, Oxford Nanopore Technologies) was used to control the run using the 48-h sequencing run protocol; base calling was performed offline using albacore (v2.3.1, https:// github.com/Albacore/albacore). The assembly was performed using canu v1.6 and v1.7 (Koren et al. 2017) , resulting in a single, circular contig. This contig was then polished with Illumina short read data using Pilon (Walker et al. 2014 ), applying eight iterative cycles. BWA-MEM (Li 2013) was used for read mapping in the first four iterations and Bowtie2 v2.3.2 (Langmead and Salzberg 2012) in the second set of four iterations.
PacBio library preparation and sequencing
For Hypoxylon fragiforme SMRTbell™ template library was prepared according to the instructions from Pacific Biosciences (Menlo Park, CA, USA), following the Procedure & Checklist -Greater Than 10 kb Template Preparation. Briefly, for preparation of 15 kb libraries 8 μg genomic DNA was sheared using g-tubes™ from Covaris, Woburn, MA, USA, according to the manufacturer's instructions. DNA was end-repaired and ligated overnight to hairpin adapters applying components from the DNA/Polymerase Binding Kit P6 from Pacific Biosciences. Reactions were carried out according to the manufacturer's instructions. BluePippin™ Size-Selection to greater than 7 kb was performed according to the manufacturer's instructions (Sage Science, Beverly, MA, USA). Conditions for annealing of sequencing primers and binding of polymerase to purified SMRTbell™ template were assessed with the Calculator in RS Remote (Pacific Biosciences). One SMRT cell was sequenced on the PacBio RSII (Pacific Biosciences) taking one 240-min movie. Two further SMRT cells were sequenced on the Sequel System (Pacific Biosciences) taking one 600-min movie for each SMRT cell. Sequencing on the Sequel System resulted in 727,768 (sub)reads with a mean length of 7823 bp. Data was assembled within SMRTLink 5.1.0.26412 using HGAP4 protocol and a target genome size of 35 Mbp. The genome assembly resulted in 36 contigs summing up to a final genome size of 38.1 Mbp (3.6 Mbp N50 contig length, 127 × genome coverage).
Identification of rDNA sequence copies
Genome sequences were used to create individual BLAST databases in Geneious 9.1.8 (https://www.geneious.com). Previously published ITS sequences from the respective strains were used as template for homology search to locate rDNA regions. Subsequently, the hits within each genome were aligned using the internal ClustalW methodology with standard settings.
Molecular phylogenetic inference
Extracted ITS sequences were aligned using the MAFFT v. 7.017 plugin in Geneious 7.1.9 (Katoh et al. 2002) . The alignment was subjected to the ATGC PhyML Online Server (http://www.atgc-montpellier.fr/phyml/) selecting options for the PhyML 3.0 algorithm with subtreepruning and regrafting (SPR, Guindon et al. 2010 ) and preliminary selection of the best nucleotide substitution model by the Bayesian information criterion (BIC) using the in-built Smart model Selection (SMS, Lefort et al. 2017 ) feature with 1000 bootstrap replicates.
Testing for the presence of a pseudogene in the genome of Hypomontagnella monticulosa Putative pseudogenes were identified by a combination of mutation and secondary structure analyses of 5.8S rDNA . Secondary structures of the 5.8S region at 25°C were predicted using Mfold version 2.3 on a web server (http://mfold.rna.albany.edu/?q=mfold/RNA-Folding-Form2. 3; cf. Zuker 2003) using a universal model as a guide. Descriptive statistics (nucleotide frequency, length) was done on the extracted ITS sequences in MEGA X Version 10.1 (Kumar et al. 2018) 
Results and discussion
Reports of genome assemblies produced from Nanopore or PacBio reads have increased, and the improvement to contiguity in such genome assemblies is seen as a benefit due to the long reads (Shin et al. 2019) . Therefore, we mainly applied a combination of Nanopore and Illumina reads to assemble high-quality fungal draft genomes. Assemblies with our Nanopore reads were sufficient to result in almost complete fungal genomes. Genome polishing with high-quality Illumina reads effectively improved the quality of the genome assembly produced using Nanopore reads (9 9.9998% accuracy) resulting in highly accurate rDNA sequences. In other studies it was shown that even very long, near identical repeats were resolved by Nanopore reads (Schmid et al. 2018 ). Nevertheless, long read techniques have limitations in sequencing the pericentromeric, centromeric, and teleomeric regions, and acrocentric short arms of chromosomes, which contain satellite DNA and large numbers of tandem repeats (Jain et al. 2018 ). In such regions, ribosomal DNA operon tandem repeats can also be detected. If these operons occur in high consecutive copy numbers without sequence variations (including NTS regions), the respective genomic regions cannot be fully resolved with the read lengths achieved in this study (averaging 10 kb for ONT and 8 kb PacBio herein, which equals the size of a full rDNA operon). The given number of rDNA copies in the following paragraphs therefore represents only the minimum set of tandem repeats that can be covered and identified with the currently available state-of-the-art genome sequencing methods. As the following paragraphs exclusively focus on the ITS and 5.8S regions, we would like to briefly mention that the 28S rDNA in all nanopore sequenced strains showed a much higher degree of intragenomic variation in comparison (ranging from 6-25 bp in J. multiformis to 8-275 bp in X. hypoxylon).
These polymorphisms contributed strongly to the accuracy of the assemblies and thus allowed for clear separation of rDNA copies. The results of the genome mining study are summarized in Table 1 , illustrated in Figs. 1 and 2, and will be briefly commented in the following paragraphs.
Most of the sequences were generated by Oxford Nanopore/Illumina, and only the genome of Hypoxylon fragiforme was sequenced using PacBio. This genome, derived from the ex-epitype strain of H. fragiforme, contained at least 19 copies of the ITS. While fourteen of these copies were identical, five deviated by 1-4 base pairs (similarity of 99.7-99.8% to the major genotype observed).
A BLAST comparison of the ITS sequences deposited in GenBank with our sequences derived from the genomes revealed that the closest 30 sequences with 100-96% identity were also derived from vouchers of H. fragiforme, and the closest match of an ITS sequence derived from a different species (H. howeanum 94.4%; GenBank Acc no JQ009323) originated from the study by Hsieh et al. (2005) . Among the ITS sequences in GenBank that were reported to be derived from "H. fragiforme," the sequence of an endophyte associated with Viscum album (Acc. no FN435671; cf. Peršoh et al. 2010) showed the highest divergence from that of the ex-epitype strain. While the identity of this voucher with H. fragiforme remains dubious, all sequences that were obtained from ascospore-derived cultures showed a higher homology to the sequences derived from the ex-type strain. In conclusion, ITS seems to be workable for identification of H. fragiforme, even though some intragenomic and intraspecific variability remains.
Another interesting case is the genome sequence of H. lienhwacheense, where the four ITS copies obtained showed a divergence of 15-23 nucleotides, equivalent to 97.7-98.5% identity ( Fig. 2a) . All of the observed ITS copies were different from one another. A similar observation was made for the five identified ITS copies in P. hunteri, which all slightly varied. The identity between the sequences ranged from 99.8 to 96.5% equaling 2-40 bp mismatches (Fig. 2c) .
Little variability was noted in the sequences of Annulohypoxylon truncatum, Daldinia concentrica, and Jackrogersella multiformis, which contained three ITS copies that were almost identical to one another and showed differences in only 1-3 bp. Regarding Daldinia concentrica, Stadler et al. (2014b) have shown that this species is a representative of a complex that contains several other taxa that can be discriminated by morphological studies of the anamorphic states, as well as from a comparison of ascospore dimensions and ultrastructural studies on the ascospore ornamentation. Furthermore, species of the D. concentrica group also deviate in the apparent host specificity of their stromata. However, they all share similar secondary metabolite profiles and ITS sequences and cannot be segregated by using the universal primary barcode.
In the case of J. multiformis strong ITS sequence variation has been detected in a different strain by Lindner et al. (2013) , as Annulohypoxylon multiforme) using 454 amplicon pyrosequencing. They identified a high number of haplotypes (71) with at least one of them being strongly diverged. Even though pyrosequencing suffers from PCR and sequencing errors resulting in overestimation of polymorphism, these data suggested that intraspecific variations in rDNA copy numbers and their sequences likely exist in the Hypoxylaceae. Unfortunately, the origin and authenticity of their strain cannot be evaluated and thus the results of this comparison have to be treated with caution.
Four highly homologous copies of the ITS were observed in the genomes of "Entonaema liquescens" (a strain of dubious identity, since the genomic data did not reveal the presence of the azaphilone gene cluster encoding for the characteristic stromatal metabolite of this species; see concurrent paper by Wibberg et al. 2020) , as well as from Hypoxylon pulicicidum and H. rickii. These species can be determined with certainty at least on the basis of the currently available nucleotide sequence collection in GenBank, since no other taxon has been reported to show a similar ITS sequence.
Two genomes of species referable to Hypomontagnella monticulosa were available for comparison. One of those was derived from an isolate obtained from ascospores of a terrestrial specimen collected from wood in a rainforest in French Guiana (the location where the type of the fungus was originally collected), while the second sequence was generated from a sponge-derived isolate originating from the South Pacific (Leman-Loubière et al. 2017). Comparison of the genomes revealed remarkable differences, in accordance with the ecology of the two strains. While details will be reported concurrently, the two isolates deviated from one another in the number of ITS copies, and also with respect to the intragenomic diversity of the ITS paralogs ( Table 2 ). The marine strain CLL-205 had 5 ITS copies, of which two were identical and three showed minimal deviations of 1-2 nucleotides. The genome of the ascospore-derived strain, however, contained four ITS copies (Fig. 1) , two of which were identical and the third showed slight deviations of 2 base pairs. The fourth ITS copy, however, deviated by 64 base pairs and only showed ca. 87% identity to the other paralogs. A BLAST search revealed only 90% identity to the next homologous sequences, which were derived from H. monticulosa. However, if such differences had been observed for different specimens, these data might have prompted those mycologists who believe in the classification of fungi on mere homology of rDNA sequences to erect a new species, if not even two In comparison to shallow divergent paralogues, which are still controlled by selection, rRNA in pseudogenes mutates without functional constraints, exhibits higher variability in conserved regions, differs in length, and possesses a number of methylation-induced substitutions, which in turn lead to a reduced GC content due to the methylation-induced substitutions C→T and G→A and reduced stability of the secondary structure, which is normally ensured by GC-rich helices (Feliner and Rossell 2007; Kolařík and Vohník 2018) . The strongly deviating H. monticulosa ITS variant fullfils completely all those criteria and can be considered a pseudogene. In particular, it is extremely AT rich, with a 5.8S of the less stable (i.e., with high free energy) secondary structure and deviating length ( Table 2 ). The 5.8S rDNA sequence is highly conserved among the studied strains (2 substitutions only). The deviating ITS copy differs by 10 substitutions and 16 indels. The substitution pattern of the positions unique to the deviating ITS copy was strongly biased towards C→T (6 cases), whereas other substitution types occurred in 1-2 cases. The same pattern became obvious when both ITS variants of H. monticulosa MUCL 54604 were compared (C→T, 12 cases; T→C, 3 cases; others, 1-2 cases). Thus far, rDNA pseudogenes were detected or postulated to be present in only a few studies (Rooney and Ward 2005; Lindner and Banik 2011; Li et al. 2013 Li et al. , 2017 . The only two studies that systematically screened whole genome sequence data for the presence of pseudogenes and reported that pseudogene rDNA copies seem to be more prevalent than functional ones were those by Rooney and Ward (2005) and Li et al. (2017) . Similar data have occasionally been reported, e.g., for Melanconiella chrysodiscosporina (Voglmayr et al. 2012) , where classical PCR and Sanger sequencing revealed aberrant ITS and LSU sequences of, while rbp2 and tef1 were in agreement with others in the same genus. However, these aberrant sequences had not been studied in-depth as in our case of H. monticulosa.
In our study, however, the pseudogenic rDNA represents 1.5% of all detected variants. Due to the highly repetitive nature of the rDNA genes, traditional bioinformatic approaches attempt to assemble contiguous sequences from short reads, collapse the arrays into a single contiguous sequence, and only retain polymorphisms. This results in the overestimation of the divergent sequence variants (Li et al. 2017) . Notably, almost all of the published ITS sequences are basically a consensus of the amplified ITS copies and this does not necessarily reflect the true situation.
The sequencing methods used in our study can overcome these limits, even though we have only based our findings on a relatively small number of datasets. We thus present the first reliable data about the frequency of rDNA pseudogenes in fungi, which appears to be much higher than previously known. We have also found evidence by checking other parts of the rDNA cistron (and in particular the LSU), for such incongruities and the potential presence of pseudogenes. As the matrix of LSU data from Hypoxylaceae species in the public domain is by far not as exhaustive as the data matrix for the ITS, we chose not to integrate these into the current study. However, we would like to encourage other mycologists to carefully analyze the other domains of the rDNA cistron before drawing premature taxonomic conclusions if they intend to use those data for species discrimination.
Finally, the ex-epitype strain of Xylaria hypoxylon (the only species included in the current study that is not a member of the Hypoxylaceae) was found to contain at least 13 ITS copies, six of which were identical, while the remainder differed by 1-19 nucleotides from the main type, equivalent to 96.9-99.8% identity (Fig. 2d) . The most similar sequences in GenBank were several that had already been assigned to X. hypoxylon s. str. by Peršoh et al. (2009) and Fournier et al. (2012) , and the most similar sequence to those (with an identity of 97.5%) was derived from the type of X. vasconica (MF755269). The latter species is closely related to X. hypoxylon, but was shown by Fournier et al. (2012) to differ in various morphological characters. The most aberrant sequence obtained from the genome of X. hypoxylon showed even stronger deviation from the most frequent ITS genotype observed in the genome of the type strain of X. hypoxylon than to X. vasconica. Therefore, it does not seem possible to discriminate the two taxa using ITS.
We have also noted various slight deviations between the published ITS sequences of our strains and the data we obtained from the genomes. This may be due to PCR sequencing errors, the fact that PCR equally targets all rDNA repeats resulting in a "consensus" sequence across all ITS copies (if amplicons have not been selected by cloning), as well as by mutations that occurred in the genomes since the time the sequences were first generated. On the other hand, these discrepancies were not high and mostly concerned single base pair substitutions.
From the results of this case study, we draw the following conclusions. a) Oxford nanopore or PacBio sequencing is not able to resolve the total rDNA operon copy numbers due to insufficient read lengths, which are unable to cover highly identical rDNA tandem repeat areas. However, at least Illumina polished ONT assemblies allow reliable identification of polymorphism in rDNA copies unraveling the degree of intragenomic sequence diversity of ITS regions and thus the applicability of such a marker locus for subsequent analysis (i.e., barcoding, phylogenetics, species diversity assessment, etc.) in a given taxonomic group. b) What was previously often referred to as "interspecific variability" when such polymorphisms were observed from studies of various vouchers of a given fungal species, may actually be due to intragenomic variability of the ITS paralogs located in the same genome. c) Even though the ITS region seems to be workable for species identification in many cases, it cannot be taken for granted that it works with all the species in a given genus. A concise identification of a certain species based on ITS data alone, or its recognition as a new taxon, in particular from environmental data, is problematic. It may work after all the known next relatives have been studied (cf. de Beer et al. 2016; Pažoutová et al. 2013 ). However, it may actually be necessary to sequence the genomes of the fungi in order to obtain high-quality data and then look for polymorphisms of the ITS (or alternatively any other DNA locus that is favored for species discrimination). d) We have been probing the published "full genomes" or related species in the public domain, but were not able to use these data in a similar manner, also because the genomes sequenced using Illumina had many gaps and we could only detect fragments of the ITS in most of them. We propose that more high-quality sequence data should be generated in the future, since the "shotgun genomes" also have great disadvantages concerning other potential application relating to the exploration of functional biodiversity. For instance, secondary metabolite biosynthesis gene clusters are also easier to detect in the genome sequences that were generated using techniques that result in longer reads such as those applied in the present study.
The number of rDNA copies in fungi has been subject to various investigations for more than 50 years, which mainly addressed the question by indirect estimation approaches such as DNA-RNA hybridization, qPCR, or gel electrophoresis of rDNA arrays (Ganley and Kobayashi 2007; Herrera et al. 2009; Raidl et al. 2005; Schweizer et al. 1969) . These studies only involved a single or very few species for which rDNA copy numbers between 45 and 140 were calculated. The most recent investigation on this topic involved a broad selection of taxa and revealed a much higher variation in rDNA copy numbers ranging from at least 11 in the ascomycete Oidiodendron maius to almost 1500 in the early diverging fungus Basidiobolus meristosporus (Lofgren et al. 2019) . The dataset is based on 91 publically available (short-read) genome-sequenced fungal species from various taxonomic groups, and copy numbers were estimated by the normalized read depths of multi-copy genomic regions. This study also included an endophytic isolate of the Hypoxylaceae tentatively identified as Daldinia eschscholtzii based on ITS sequence data (Wu et al. 2007) , which presumably possesses 45 rDNA copies. Despite the use of indirect data, these estimated values strongly indicate that the rDNA copy numbers identified in our study are likely to be much smaller than the actual occurring copy numbers in the respective strains demonstrating that state-of-the-art long read sequencing technologies are still unable to resolve long (> 30 kb) highly repetitive DNA regions. Nevertheless, we have provided the first direct sequencingbased evidence for multiple rDNA copy numbers in fungi.
The observed phenomenon of intragenomic polymorphic ITS regions in fungi has been previously reported for various fungal species, but was mainly evidenced by PCR and sequencing of the corresponding cloned amplicons, making identification of single nucleotide polymorphisms prone to errors. Several such studies were carried out on yeast-like fungi, where sequence divergence has traditionally been discussed much more intensively as a means of species recognition because relatively few phenotypic characters are available for discrimination of morphotypes. Alper et al. (2011) reported polymorphisms in the dimorphic yeast Geotrichum candidum and identified 60 polymorphic sites from a comparison of multiple strains, which were mostly derived from dairy. They attributed most of these polymorphisms to base pair substitutions and found one indel in the ITS1. After the authors detected dual peaks in the electropherograms during sequencing of the rDNA, they cloned the ITS regions of four strains and found 32 deviating ITS paralogs among the 68 clones they obtained from four strains. The authors concluded that the utility of the ITS region for fungal community profiling was dubious, but unfortunately, many other colleagues do not seem to realize the potential pitfalls.
There are even some critical issues regarding species identification of human pathogens, where the ITS and LSU do not work. For instance, recently Passer et al. (2019) have reported such issues during their study on pathogenic and saprotrophic species of the basidiomycete yeast genus Cryptococcus. Even the pathogenic multi-drug-resistant yeast, Candida auris ), can unfortunately not be easily identified by ITS or LSU sequencing. Heeger et al. (2018) have used long read metabarcoding and came across polymorphisms in several species of the yeast Metschnikovia, which prevented their accurate identification. The estimate of species numbers will be too high in such cases where extreme polymorphism is observed. It can be expected that similar studies may reveal that this problem is common in the fungal kingdom. At least it should not be claimed that polymorphic rDNA sequences that are obtained from the same specimen are due to the existence of "cryptic species" without concurrent studies of the genomes of the respective organisms.
The above examples and the findings reported in the present study should give reason to study this phenomenon more thoroughly in other groups of filamentous fungi. In any case, suitable techniques are now available to obtain high-quality genome sequences and this can certainly help to tackle this challenge and ultimately allow for establishment of a more realistic way to estimate species diversity in fungi than by profiling of the ITS region. We expect that high-quality genome sequence data will increasingly become popular in fungal phylogeny, and hope the results of the current study will be helpful for other researchers to interpret their results.
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